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ABSTRACT 
Historic losses of wetlands from land use conversion led to federal regulations requiring 
mitigation for impacts to them.  Recent regulatory changes stipulate area mitigation at ratios of at 
least 2:1 for forested wetlands and certain densities of live trees on project sites after a 10-year 
monitoring period.  Road development projects are among activities that impact wetlands, and 
responsible agencies have expended considerable resources to meet these requirements, but with 
variable success.  We conducted this study to evaluate site characteristics and tree seedling 
performance for 14 forested wetland restoration projects in Iowa where bare-root (BR) or Root 
Production Method™ (RPM) stock were planted with or without tree shelters.  We assessed 
2,533 seedlings of 22 species, including 1,994 BR and 539 RPM trees.  Among these, BR trees 
had higher mean survival (91%) than RPM stock (74%).  Tree shelters were negatively 
associated with survival (p = 0.071), as was soil percent clay (p = 0.018) at the planting site.  
More detailed assessment of 1,050 seedlings of seven species common to both stock types 
indicated variation in performance across species, and that average height (p = 0.011), crown 
depth (p = 0.010), and root collar diameter (p = 0.021) were greater for BR than RPM seedlings.  
Among these seedlings, tree shelters also had a negative association with survival (p = 0.035).  
Overall, we observed greater survival and growth for BR seedlings and recommend their use, 
without tree shelters, but with careful attention to species selection, seedling placement, and 
post-planting maintenance to enhance project success. 
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CHAPTER 1:  GENERAL INTRODUCTION 
Wetlands are ecosystems that are full of diverse plant and animal life.  Wetlands include 
swamps, marshes, bogs, oxbows and similar areas that are water-saturated for significant periods 
of the growing season, have plants and wildlife that are adapted to wet environments, and have 
soils that are influenced by wet conditions (Mitsch et al. 2009).  Cowardin et al. (1979) defined 
wetlands as:  
“Lands transitional between terrestrial and aquatic systems, where the water 
table is usually at or near the surface or the land is covered by shallow 
water…… Wetlands must have one or more of the following three attributes: 
(1) at least periodically, the land supports predominantly hydrophytes; (2) the 
substrate is predominantly un-drained hydric soil; and/or (3) the substrate is 
non-soil and saturated with water or covered by shallow water at some time 
during the growing season of each year.”  
Functionally, wetlands provide habitat for wetland plants and aquatic animals, filter and 
sequester nutrients and contaminants contained in surface water runoff, supply food for wildlife, 
reduce downstream flooding, prevent and minimize erosion after rainfall events, and act as 
reservoirs for flood waters while recharging ground water (Mitsch et al. 2009; Biebighauser 
2011).  Many wildlife species are dependent on wetlands at some point for their survival, 
including waterfowl, song birds, mammals, amphibians and reptiles, algae and freshwater 
plankton, and aquatic plants and invertebrates (Mitsch et al. 2009; Peterson and Westmark 2013).  
In addition, many threatened and endangered species are wetland dependent (Flynn 2003). 
2 
 
Historically, Iowa’s landscape included significant areal cover by wetlands, including 
palustrine and emergent wetlands, fens, and wet meadows, as well as forested wetlands 
(Cowardin et al. 1979; Bishop and van der Valk 1982; Iowa NRCS 2005).  Of these, forested 
wetlands may occur as upland closed depressions or as bottomland forests associated with 
streams and rivers (Iowa NRCS 2005).  These areas may contain seasonal and/or permanent 
pools of water and are often characterized by subtle micro-topographic changes associated with 
pit-and-mound topography and/or floodplain dynamics (Mitsch et al. 2009).  Common tree 
species in forested wetlands of Iowa include a variety of willow (Salix spp.), elm (Ulmus spp.), 
ash (Fraxinus spp.), silver maple (Acer saccharinum), cottonwood (Populus deltoides), swamp 
white oak (Quercus bicolor), river birch (Betula nigra), hackberry Celtis occidentalis , basswood 
(Tilia americana), and sycamore (Platanus occidentalis) (Thompson 1992; USDA Forest 
Service 1995).  Forest composition at any location within forested wetlands is strongly 
influenced by micro-topographic and soil moisture gradients, in addition to natural and human-
caused successional change (Hodges 1997; Sweeney and Czapka 2004; Lockhart et al. 2010; 
Riley et al. 2015).  These wetlands receive water from snowmelt, heavy spring rains, and nearby 
rivers and streams.  Forested wetlands associated with riparian zones of streams and rivers in 
Iowa play a particularly important role as buffers between agricultural or urban areas and 
adjacent surface waters by attenuating flooding and intercepting sediment and nutrients (Mitsch 
et al. 2005; Mitsch et al. 2009; Randall and Herring 2012).  Flooding in forested riparian areas 
can both enhance and stress the woody vegetation in these ecosystems, depending on the 
frequency, timing, season, and length  of inundation (Anderson and Mitsch 2008; Matthews and 
Pociask 2015). 
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Wetland area throughout the U.S. has declined dramatically due to conversion to other 
land uses such as intensive agriculture or expansion of urban land areas (Ouchley et al. 2000; 
Dahl 2006).  Some of the highest documented individual state-level wetland losses are in the 
states of California, Indiana, Illinois, Iowa, Kentucky, Missouri and Ohio, all places where at 
least 80% of the original wetland area has been lost (Dahl 2000).  In addition, wetland loss is an 
ongoing phenomenon - some estimates indicate that approximately 200,445 hectares of 
freshwater emergent, shrub and forested wetlands were eliminated in the United States between 
1998 and 2004 (Dahl 2006).  Land use conversion continues to threaten remaining wetlands in 
Iowa.  Most wetland losses have been the result of decision making at the site scale rather than at 
the landscape level, but over time the cumulative impacts of the loss of many small wetlands has 
led to the loss of landscape-scale structure and functional integrity (Johnson and McCormick 
1978; NRC 2001).   
 The conversion of wetlands to other uses has been allowed on a case-by-case basis under 
a permitting process usually administered by the U.S. Army Corps of Engineers (stipulated in 
Section 404 of the Clean Water Act, as amended in 1977).  There are several activities that may 
impact wetlands for which a permit is required, including placement of fill, ditch development, 
levee and dike building, mechanized land clearing, land leveling, road construction, and dam 
construction (Federal Register 1995).  In all cases, mitigation for damage or loss of wetlands is 
required of permittees, which may include restoring, creating, enhancing, and/or preserving 
wetlands (Federal Register 1995).  According to this guidance, restoration refers to re-
establishment of a wetland at a site where one may no longer exist, or exists in a degraded state.  
Wetland creation refers to the establishment of a wetland where one did not formerly exist.  
Wetland enhancement refers to activities conducted in existing wetlands that increase their 
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aquatic functions and/or ecological integrity.  Preserving wetlands requires the permanent 
protection of important wetlands or aquatic resources through the implementation of appropriate 
legal and physical mechanisms.  Preservation of wetlands may include adjacent uplands to 
provide a buffer for protection of the aquatic ecosystem (Federal Register 1995). 
 Wetland restoration is a relatively common approach for mitigating unavoidable 
disturbances to wetlands (Sweeney and Czapka 2004; Matthews and Endress 2008).  Permittees 
are advised to provide in-kind compensation (e.g., to seek sites similar to the impacted wetland); 
often this involves identifying similar sites in nearby areas that may already be supporting 
growth of aquatic plants and that contain soils with indicators of periodic saturation (McLeod 
2000; Matthews and Endress 2008).  Mitigation permits typically require that restored sites meet 
specific requirements in terms of vegetation, soil, and hydrological characteristics to be 
“released” from additional interventions or continued monitoring (US ACE 1987).  Criteria for 
vegetation indicate that dominant plant species must be both native and hydrophytic, and for 
soils indicate that the soils must be hydric or under conditions that would support development 
of hydric characteristics.  The third criterion specifies the length of time the site must be 
inundated or saturated during the compliance monitoring period (US ACE 1987). 
Success in mitigation wetland establishment has been mixed, and led to the conclusion 
that mitigation programs overall were not meeting the goal of “no net loss” of wetlands at a 
national level (NRC 2001).  Some degree of success has been reported for meeting soil, 
hydrological and vegetative cover criteria, but criteria for vegetative composition, structure, or 
area of the replacement wetland are less often met (Wilson and Mitsch 1996; NRC 2001; 
Kihslinger 2008; Matthews and Endress 2008).  Lack of success in wetland mitigation has been a 
particular concern with respect to forested wetlands, for which regulatory compliance nationwide 
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has been low, on the order of 0 – 30% (e.g., Brown and Veneman 2001; Robb 2001; Cole and 
Shafer 2002; Morgan and Roberts 2003; Matthews and Endress 2008).  Often, substantial 
mortality of planted trees is a cause of non-compliance.  In addition to the general challenges 
listed above, success in the establishment of forested wetlands requires an understanding of 
subtle site variation and the very specific site requirements of the woody species to be re-
introduced (Stanturf et al. 2001; Sweeney and Czapka 2004).  Because of poor performance 
nationwide on forested wetland mitigation sites, new rules for permittees responsible for 
mitigation were released, which include a longer monitoring period, higher mitigation to impact 
area ratios, and new minimum species diversity and stem density requirements, among other 
items (the new “Final Rule,” Federal Register 2008).   
 Thus, a large number of potential challenges face agencies and entities responsible for 
forested wetland restoration, which could be related to site selection, site preparation, species or 
stock type selection, planting techniques, site maintenance, impacts of exotic species and 
wildlife, as well as extreme weather events (extensive flooding or drought) during the 
establishment period (e.g., McLeod et al. 2000; Bledsoe and Shear 2000; Anderson and Mitsch 
2008; Pociask and Matthews 2013).  As a permittee for unavoidable impacts on wetlands related 
to road construction projects, the Iowa Department of Transportation (IDOT) is among such 
agencies, and their personnel have sought to mitigate through in-kind restoration or creation of 
wetland areas.  Although many emergent wetland mitigation projects in the state have been 
deemed successful (VanDeWalle et al. 2007), concerns about compliance for forested wetland 
mitigation projects in particular have arisen primarily due to variable survival rates for trees 
planted on mitigation sites.   
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Research Objectives 
To address questions raised by IDOT personnel concerned about forested wetland 
mitigation compliance, I conducted this study to investigate factors related to success or failure 
of woody vegetation planted on forested wetland restoration sites.  Specifically, the objectives of 
my research were to 1) quantify site characteristics, 2) compare overall survival and growth of 
different species and planting stock types, and 3) compare characteristics of seedlings grown in 
tree shelters to those that were not.   
Thesis Organization  
The objectives of this thesis are addressed in the following sections:  Chapter 1 is a general 
introduction; Chapter 2 is a manuscript entitled “Stock type and tree shelters affect seedling 
performance for forested wetland restoration in Iowa;” and Chapter 3 is a general conclusion. 
Author Contributions 
The candidate was responsible for data collection, analysis, and preparation of the text.  Dr. Jan 
Thompson provided guidance on site selection, experimental design, data collection, data 
analysis and manuscript editing.  Drs. Schultz and Stewart provided guidance on site selection, 
experimental design, and manuscript editing.   
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CHAPTER 2:  STOCK TYPE AND TREE SHELTERS AFFECT SEEDLING 
PERFORMANCE FOR FORESTED WETLAND RESTORATION IN IOWA 
A manuscript formatted for submission to New Forests 
William G.  Heber, Janette R. Thompson, and Timothy Stewart 
 
Abstract.  Historic losses of wetlands from land use conversion led to federal regulations 
requiring mitigation for impacts to them.  Recent regulatory changes stipulate area mitigation at 
ratios of at least 2:1 for forested wetlands and certain densities of live trees on project sites after 
a 10-year monitoring period.  Road development projects are among activities that impact 
wetlands, and responsible agencies have expended considerable resources to meet these 
requirements, but with variable success.  We conducted this study to evaluate site characteristics 
and tree seedling performance for 14 forested wetland restoration projects in Iowa where bare-
root (BR) or Root Production Method™ (RPM) stock were planted with or without tree shelters.  
We assessed 2,533 seedlings of 22 species, including 1,994 BR and 539 RPM trees.  Among 
these, BR trees had higher mean survival (91%) than RPM stock (74%).  Tree shelters were 
negatively associated with survival (p = 0.071), as was soil percent clay (p = 0.018) at the 
planting site.  More detailed assessment of 1,050 seedlings of seven species common to both 
stock types indicated variation in performance across species, and that average height (p = 
0.011), crown depth (p = 0.010), and root collar diameter (p = 0.021) were greater for BR than 
RPM seedlings.  Among these seedlings, tree shelters also had a negative association with 
survival (p = 0.035).  Overall, we observed greater survival and growth for BR seedlings and 
recommend their use, without tree shelters, but with careful attention to species selection, 
seedling placement, and post-planting maintenance to enhance project success. 
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Introduction 
Wetlands are transitional areas between terrestrial and aquatic systems where surface- 
and ground-water flow patterns cause water to stay at or near the land surface for significant 
periods of time (Cowardin et al. 1979; Mitsch et al. 2009).  Freshwater wetlands in the United 
States include emergent, ephemeral, wet-meadow, shrub, peat, and forested wetlands, in addition 
to swamps and bogs (Mitsch et al. 2009).  These ecosystems contribute to a number of important 
landscape-level functions such as carbon storage, nutrient retention and cycling, sediment 
capture, flood attenuation, groundwater recharge, wildlife habitat, and recreational opportunities 
(Bruland and Richardson 2005; Broussard and Turner 2009; Mitsch et al. 2009; Johnson et al. 
2012).   
However, widespread loss of wetlands across the USA has occurred due to their 
conversion to intensive agricultural and urban land uses, including construction of roads 
(Ouchley et al. 2000; Dahl 2000, 2006).  Some of the highest documented wetland losses are in 
the states of California, Indiana, Illinois, Iowa, Kentucky, Missouri, and Ohio, where wetland 
areal coverage has declined by at least 80% (Dahl 2006).  Historically, wetland losses were the 
result of decision making at the site scale rather than the landscape scale, although over time 
cumulative impacts have led to the loss of landscape-scale structure and functional integrity 
(Johnson and McCormick 1978; Richardson 1981).  This is particularly true of riparian wetlands 
in the Midwestern USA, which were predominantly naturally forested areas that played a crucial 
role in nutrient and sediment capture and protected water quality in the region’s streams and 
rivers (Bruland and Richardson 2005; Theriot et al., 2013; Jacob et al., 2013; Passeport et al. 
2013; Maillard and Imfeld 2014). 
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Concerns over dramatic losses of wetlands and reductions in their functional capacity 
have led to federal, state, and local regulations to limit additional disturbance and require 
mitigation to repair or replace impacted areas (NRC 2001; Hough and Robertson 2009).  Section 
404 of the Clean Water Act (as revised in 2008) articulates a national policy goal of “no net loss” 
of wetland area or function (Federal Register 2008).  This policy requires a permit for activities 
that disturb wetlands, and stipulates in-kind compensation through preservation, enhancement, or 
restoration of existing wetlands, or creation of new ones.  Such mitigation efforts are typically 
overseen by the U.S. Army Corps of Engineers, are subject to specific performance standards 
related to the hydrology, soil, and vegetation on mitigation sites (U.S. ACE 1987), and specify 
method and duration of site monitoring.  
Results of recent research demonstrate mixed success for mitigation wetland 
establishment (Kihslinger 2008; Matthews and Endress 2008).  Some success has been reported 
for meeting soil, hydrology, and vegetative cover criteria, but goals for vegetative composition, 
structure, and/or wetland area criteria are less often achieved (e.g., Wilson and Mitsch 1996; 
Brown and Veneman 2001; Morgan and Roberts 2003; Matthews and Endress 2008).  This has 
been especially true of forested wetland mitigation projects, for which regulatory compliance has 
been low in many areas of the USA, often because of substantial mortality of planted trees 
(Brown and Veneman 2001; Robb 2001; Cole and Shafer 2002; Pennington and Walters 2006; 
Matthews and Pociask 2015).  Because of their unique functional role in the Midwest landscape, 
there is strong interest in additional assessment of riparian/bottomland forest wetland restoration 
projects to identify factors that could lead to greater mitigation success (Wilson and Mitsch 
1996; Brown and Veneman 2001; VanDeWalle et al. 2007; Kihslinger 2008; Matthews and 
Endress 2008).   
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Multiple agencies and entities have been involved in experimental efforts to establish 
and/or restore bottomland hardwoods, including investigations of performance by different 
species and stock types, and silvicultural aspects of establishment (e.g., Barton et al. 2000; 
McLeod et al. 2000; Stanturf et al. 2001; Lockhart et al. 2003; Patterson and Adams 2003; 
Sweeney and Czapka 2004).  For bottomland/riparian plantings, such evaluations of seedlings of 
different species have indicated differential performance according to elevation (at the micro-
topographic scale) and flood event frequency and duration (Barry et al. 1996; Bruland and 
Richardson 2005; Randall and Herring 2012). Several investigators have reported greater success 
of species (e.g., Acer saccharinum, Populus deltoides, and Salix nigra) that are better adapted to 
lower micro-elevations with relatively frequent and sometimes prolonged inundation, whereas 
other (often later-successional) species (e.g. Celtis laevigata, Quercus bicolor, and Quercus 
palustris) are more easily established in locally elevated microsites with less frequent and 
shorter-duration flooding (Pennington and Walters 2006; Simmons et al. 2011).  
Previous evaluations of stock types that are relevant to this study include assessments of 
Root Production Method (RPM™) seedlings and bare-root (BR) stock.  RPM seedlings are 
produced by placing carefully selected seed in open-bottomed trays to germinate, and 
subsequently transplanting them to successively larger containers that use air-pruning to promote 
production of a more a fibrous root system over a typical culture period of two years (Lovelace 
2002; Dey et al. 2004).  Both the root systems and stems of RPM stock are larger than those of 
typical one-year-old bare-root plants.  A number of studies have documented greater survival and 
more rapid growth of RPM seedlings compared to BR stock in bottomland planting projects 
(Dey et al. 2004; Krekeler et al. 2006; Walter et al. 2013).  In spite of their greater cost, 
researchers have recommended their use, particularly to enhance establishment of later-
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successional species such as oaks, to extend the planting season, and to hasten the process of 
canopy closure on planting sites.  In contrast, BR seedlings are grown from seed broadcast in 
nursery beds for one or two season(s) before being lifted from the nursery bed and 
packaged/chilled to maintain seedling moisture levels until the time of planting.  These plants are 
much less expensive and relatively easy to handle, transport to planting sites, and large numbers 
of BR seedlings can be planted relatively quickly using planting machines or even by hand.   
A number of investigators have also evaluated use of tree shelters to enhance 
establishment success.  These can be solid, corrugated or mesh tubes that are placed around 
individual seedlings at the time of planting.  Originally produced in the United Kingdom (UK) in 
the early 1980s to protect seedlings from animal damage (Tuley 1983), they were also found to 
provide favorable micro-environmental conditions that enhanced seedling growth (Lantagne et 
al. 1990; Costello et al. 1991; Lantagne 1995, 1997; Ponder 2000).  Although performance has 
varied among species and stock types, in most cases height growth of sheltered trees has 
increased to a greater extent than diameter growth.  Some researchers have recommended use of 
more light-transmitting and ventilated shelters that may promote a better balance between height 
and diameter growth (Sharew and Hairston-Strang 2005).  However, other researchers have 
reported little advantage in terms of survival or growth of sheltered seedlings compared to 
unsheltered seedlings (e.g., Stuhlinger 2013) that their effect diminishes over time (Drayer et al. 
2017), or that they actually reduce growth and survival of some species under particular 
circumstances (Bardon et al. 1999). 
Objectives of this study 
We conducted this study with the broad objective of identifying factors affecting the 
degree of success of forested wetland mitigation projects in Iowa.  We worked with two 
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agencies, the Iowa Department of Transportation (IDOT) and the Iowa Department of Natural 
Resources (IDNR) to evaluate bottomland hardwood restoration projects in the state.  Our 
specific objectives were to measure site characteristics, compare overall survival and growth 
rates of RPM and BR planting stock, and compare growth of seedlings grown with or without 
tree shelters.  Additionally, we evaluated the relative performance (survival, height, root collar 
diameter, and height: diameter ratios) of seven species that were common to both stock types. 
Methods 
Study site locations and characteristics 
We collaborated with IDOT and IDNR personnel to select study sites.  For evaluation of 
forested wetland mitigation projects we chose nine riparian-area plantings (sites that IDOT 
personnel identified as representative of the range of ages, locations, and types of planting stock 
used) from a total of 44 such sites that were already established at the initiation of this study.  
These sites included seven on which RPM seedlings had been planted and two on which BR 
stock were used.  To balance the number of sites with RPM and BR stock, we also evaluated five 
bottomland forest restoration sites that were planted using BR stock under the guidance of IDNR 
Forestry Bureau staff members.  All 14 sites were located in central and eastern Iowa, USA (Fig. 
1).  We conducted tree seedling assessments on all sites from May through October, 2015, and 
collected soil samples from May through August, 2016. 
Trees were planted by forestry contractors between 1995 and 2012 in areas that were 
formerly in row-crop production or grassland.  Plantings were implemented according to 
practices and specifications established by the two agencies.  Both agencies required standard 
site preparation activities that included use of initial weed control prior to planting and cover 
crops if desired.  For IDOT sites, RPM seedlings were hand-planted into auger-drilled holes at 
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densities of 25 to 71 trees ha-1.  IDOT plantings with BR seedlings were planted at densities of 
198 to 741 trees ha-1 and were machine-planted in rows.  For IDNR sites, BR seedlings were 
machine-planted in rows to obtain densities of approximately 1482 to 1791 trees ha-1.  Both 
agencies required post planting maintenance that included use of herbicide treatments and/or 
mowing for weed control for at least 2 to 3 years.  
We used aerial photographs and site letting plan maps to verify project locations, planting 
designs, species and stock type used, as well as to review site preparation and weed control 
specifications for each site. We used Soil Survey maps (SSURGO 2017) to identify soil mapping 
units present, soil series, and their characteristics (USDA NRCS 2017).  We used Iowa 
Geological Survey maps to characterize stream order (as per Strahler 1952) at each site (Iowa 
Geological Survey Bureau 2017). 
We collected one 60-cm-deep soil sample within each soil mapping unit at each site using 
a hand-held 1.27-cm-diameter soil probe to verify soil classification and hydric soil status.  We 
also collected three surface soil samples for determination of bulk density within each soil 
mapping unit at each site using a 4-cm3 cylindrical soil corer.  Bulk density samples were 
weighed, dried in an oven at 65˚ C for 24 hours and reweighed to determine initial soil moisture 
content and soil dry weight.  Soil bulk density (g cm-3) was calculated as dry weight of soil per 
unit volume of the core. We composited and air-dried the three surface soil core samples for 
subsequent particle size analyses (conducted by Minnesota Valley Testing Lab, New Ulm, MN) 
using the hydrometer method (Gee and Bauder, 1986).  
Tree seedling sample design, survival, and seedling morphology measurements  
Sample design.  We used aerial photographs to locate a transect line across the long axis 
of each project site.  Additional shorter transects oriented perpendicular to the long transect were 
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used for irregularly shaped planting sites.  Fixed-radius plots (0.04 ha) were placed along each 
transect with a random start and systematic between-plot spacing.  Plots were then located in the 
field based on their photo locations.  Each site contained from 5 to 27 plots determined in 
proportion to the size of the planting project (an average of 2.5 plots per ha of site area, as per 
Husch et al. 2003).  Data collected for seedlings on each plot included species present, stock 
type, number of living and dead seedlings, and whether tree shelters were used.  We also 
identified a subset of seven focal species based on their representation in both growing stock 
types and presence across a range of sites for further analysis: silver maple (Acer saccharinum 
L.) river birch (Betula nigra L.), shellbark hickory (Carya laciniosa Michx. F. Loud), Kentucky 
coffeetree (Gymnocladus dioicus L. K. Koch), American sycamore (Platanus occidentalis L.), 
swamp white oak (Quercus bicolor Willd.), and pin oak (Quercus palustris Muenchh.).  For 
these species we analyzed survival rates as well as seedling morphology (height, crown depth, 
root collar diameter, and height to diameter ratio). 
Survival.  Percent survival for each plot was calculated by dividing the number of living 
trees by the number of all trees, both living and dead.  For dead trees, species was determined by 
examining letting plans and/or verified by tags that were still present on seedlings.  Survival rates 
for each site were calculated based on the sum of living trees divided by all trees for all plots at 
the site.  Survival percent was calculated in the same way for the seven focal species.  
Seedling morphology.  We measured the height of each living tree on each plot using a 
telescoping height pole.  Crown depth was measured using the height pole to determine stem 
length from the top of the canopy to the lowest branch with leaves.  Seedling root collar diameter 
was measured using digital calipers.  For the seven focal species, we calculated height to 
diameter ratio by dividing the total height of the seedling (cm) by the root collar diameter (cm).  
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Data and statistical analysis  
We used linear mixed-effects logistic regression models fit by restricted maximum 
likelihood to examine the effects of stock type (BR, RPM), presence of tree shelters, soil 
characteristics (percent sand and clay, bulk density) and age of planting on seedling survival, and 
on seedling morphology (height, crown depth, root-collar diameter, height-to-diameter ratio) of 
the seven focal tree species.  Analyses were conducted using the LMER function (Cook 2014) in 
the R statistical package (R Core Team 2013).  For the seven focal species data for height, crown 
depth, root collar diameter, and height to diameter ratio were log-transformed prior to statistical 
analysis to linearize data distributions and reduce heteroscedasticity prior to analyses.  We used 
the Laplace approximation to degrees of freedom for analyses of survival, and the Satterthwaite 
approximation for all other variables examined for the seven focal species. 
Results  
Study site characteristics 
Study sites (Table 1) were located in the floodplain areas of streams ranging from third- 
to seventh-order for Iowa DOT sites (RPM stock) and from third- to fifth-order for the Iowa 
DNR sites (BR stock) (Strahler 1952; Iowa Geological Survey Bureau 2017).  Soils present on 
the sites ranged from relatively coarse sandy loam and loam soil textural classes (e.g., the 
Dickinson, Hayfield, Saude, and Zenor soil series) to relatively fine clay loam, silty clay loam 
and silty clay textures (the Colo, Kennebec, Ladoga, Wabash, and Zook series) (USDA NRCS 
2017).  Actual clay percent in surface soil samples collected at all study sites ranged from 5% to 
45% (Table 1). Silty clay loam soils were more common on Iowa DOT sites, and sandy clay 
loam soils were more common on Iowa DNR sites.  Average soil bulk density on Iowa DOT 
sites ranged from 1.00 to 1.86 g cc-1 and on Iowa DNR sites from 1.16 to 1.70 g cc-1 (Table 1).  
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Study areas were planted between 1995 and 2012; sample plots contained a range of 38 to 701 
trees and sites varied in size from 0.4 to 25 ha (Table 2).   
Tree survival (all trees) 
We assessed 2,533 trees representing 22 species across the 14 planting sites with an 
overall survival rate of 87% (Appendix 1).  The sample included 539 RPM seedlings with 
shelters on seven Iowa DOT sites and 1,994 BR seedlings without shelters on two Iowa DOT 
and five Iowa DNR sites (Table 2).  Mean survival for RPM stock was 74%, ranging from 42% 
to 100% on different sites.  Mean survival for BR stock was 91%, ranging from 80% to 100% on 
different sites.  For these trees, percent survival of RPM stock was significantly lower than BR 
stock (p = 0.021; Table 3).  Based on the binary logistic regression model the estimated log-odds 
of survival were 40 times lower for RPM growing stock.  The presence of shelters had a 
marginal additional negative effect (p = 0.071).  Of site factors we investigated in this overall 
analysis (soil percent sand, percent clay and bulk density) we detected a negative relationship 
between tree survival and percent clay (p = 0.019; Table 3).   
Tree survival and morphology for the seven focal species 
Survival.  The seven focal species represented in the plantings of both stock types include 
1,050 of the seedlings described above, of which 234 were RPM seedlings and 816 were BR 
seedlings (Table 4).  For this subset of seedlings, survival of RPM trees ranged from 65% to 
100% with an average of 86%, and survival of BR stock ranged from 94% to 100%, with an 
average survival rate of 99% (Table 4).  For Kentucky coffeetree and pin oak, both stock types 
had 100% survival.  Although on average stock type was not significantly associated with 
survival for these focal species, the presence of tree shelters was negatively associated with 
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survival (p = 0.036; Table 5).  Soil percent clay was also negatively related to survival (p = 
0.041; Table 5). 
Height and crown depth. For this subset of trees, mean height varied by stock type and 
species, for RPM stock ranging from a low of 0.8 m for pin oak to a high of 3.0 m for American 
sycamore, and for BR stock ranging from 0.6 m for pin oak to 4.5 m for American sycamore 
(Fig. 2A).  Height of the RPM trees was less than BR trees (p = 0.010; Table 5).  Tree height was 
negatively related to soil percent sand (p < 0.001) and positively related to tree age (p < 0.001). 
Percent clay in soil (p = 0.061) and presence of tree shelters (p = 0.072) both had a marginal 
positive relationship to tree height, while soil bulk density had a marginal negative relationship 
(p = 0.069; Table 5). 
Mean crown depth also varied by stock type and species, for the RPM stock ranging from 
0.3 m for Kentucky coffeetree to 1.5 m for American sycamore, and for BR stock ranging from 
0.4 m for pin oak to 3.6 m for American sycamore (Fig. 2B).  Crown depth for RPM stock was 
less than that of BR stock (p = 0.010; Table 5).  Crown depth was negatively associated with soil 
percent sand (p < 0.001) and soil bulk density (p = 0.012), and positively related to tree age (p < 
0.001; Table 5). 
Diameter. Mean root collar diameter for RPM growing stock ranged from a low of 0.5 
cm for Kentucky coffeetree to a high of 3.4 cm for river birch, and for BR stock it ranged from 
1.7 cm for pin oak to 7.2 cm for American sycamore (Fig. 3).  Root collar diameter was lower 
for RPM stock (p = 0.021; Table 5).  This parameter was negatively related to percent sand in 
soil (p < 0.001) and positively associated with percent clay and tree age (both p-values < 0.001; 
Table 5). 
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Height to diameter ratio.  Mean height to diameter ratio for RPM stock ranged from a low 
of 57.2 cm cm-1 for pin oak to 144.1 cm cm-1 for Kentucky coffeetree, and for BR stock it ranged 
from 47.0 cm cm-1 for shellbark hickory to 67.0 cm cm-1 for American sycamore (Fig. 4).  
Although the RPM stock had height to diameter ratios that were nearly twice that of BR stock, 
variation among species precluded detecting a significant relationship for stock type in this 
analysis (p = 0.229; Table 5).  We detected a significant positive association with percent sand in 
soil (p = 0.009) and a negative relationship with percent clay (p = 0.0046; Table 5).   
Discussion 
Study site characteristics 
We did observe differences in overall site characteristics that may have influenced 
seedling survival.  Generally, IDOT plantings of RPM seedlings were located in the floodplains 
of higher order streams, and thus have likely experienced greater depth and duration of flood 
events, whereas both agencies’ plantings with BR stock were located near lower order streams.  
Although frequency of flooding events in watersheds of difference sizes may be similar, depth 
and duration of flooding is likely to be greater in higher order watersheds, and could have 
negative effects on tree seedlings (e.g., as indicated by Matthews and Pociask 2015).  In 
particular, prolonged flooding can led to slower and diminished growth and increased seedling 
mortality (McCurry et al. 2010; Kabrick et al. 2012; Gee et al. 2014; Matthews and Pociask 
2015).  Finer-textured and poorly drained soils were also more prevalent on IDOT sites with 
RPM stock, possibly prolonging the effect of flooding by consistently retaining higher soil water 
content over longer time periods, also known to negatively affect seedling survival and growth 
(Pennington and Walters 2006).  This is also consistent with the negative relationship we 
detected between soil percent clay and tree survival. 
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Tree survival (all trees) 
Our analysis of the 2,533 trees on all sample plots indicated a much higher overall 
survival rate (87%) over a longer period of time than has previously been reported for similar 
wetland restoration or mitigation plantings (e.g., 54 – 76% survival depending on species as 
reported by Dey et al. 2004; 59% survival after two years on experimental plantings in Virginia, 
as reported by Roquemore et al. 2014; and 57% survival at the end of site monitoring periods on 
mitigation plantings in Illinois, Matthews and Pociask 2015).  However, in other experimental 
plantings two- to five-year survival rates were similar to our findings, on the order of 80 to 90% 
depending on species (Pennington and Walters 2006; Andrews et al. 2010).  
We also noted lower survival of RPM stock overall (74%) compared to BR plants (91%).  
This finding is contrary to a number of earlier reports of comparisons between RPM and BR 
planting stock.  For example, Dey et al. (2004) reported significantly greater survival for RPM 
seedlings (94%) compared to bare-root stock (which varied between 54% and 76% depending on 
species). In a longer-term study, Walter et al. (2013) noted 100% survival of RPM seedlings after 
14 years, compared to bare-root stock (which varied from 63% to 75% depending on species). 
Although we did not study the direct mechanism(s) that could lead to the difference we observed, 
it is possible that the RPM stock experienced greater transplant shock because of a number of 
factors that we could not control for in this observational study (e.g., exact provenance of the 
stock, timing of planting, and/or the contrast between nursery cultural conditions and post-
planting site conditions). 
In addition, we detected a marginal negative relationship between tree shelters and 
survival.  This is also contrary to results of a number of earlier studies in which shelters 
enhanced survival largely by protecting seedlings from herbivory (Lantagne et al. 1990; Costello 
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et al. 1991; Schultz and Thompson 1996; Ponder 2000; Conner et al. 2000; Sweeney and Czapka 
2004).  However, there have also been reports indicating no effect of shelters on seedling 
survival (e.g., Andrews et al. 2010; Stuhlinger 2013; Drayer et al. 2017) and other evidence, as in 
our study, of negative effects from their use (e.g., Bardon et al. 1999).  Because of the expense 
associated with tree shelters and their installation, the negative relationship of shelters with 
seedling survival in our study suggests that they should not be recommended for use on all 
seedlings in riparian/bottomland restoration plantings unless certain site-specific characteristics 
(e.g. very high herbivore pressure) warrant their use. 
Tree survival and morphological characteristics for the seven most common species 
Survival.  We did not detect a significant difference in survival rate between the two 
stock types for the 1,050 seedling subset representing the most common species, although there 
was a trend for poorer performance of RPM (85% survival) compared to BR (99%) seedlings.  
We observed considerable variation in survival among different species for the RPM stock.  
Previous analyses of seedling survival in forested wetland plantings have also indicated 
substantial variation among species (e.g., Costello et al. 1991; Lockhart et al. 2003; Andrews et 
al. 2010) and among combinations of species and stock types (McLeod et al. 2000; Roquemore 
et al. 2014).  Such differences have been attributed to microsite variation with respect to duration 
of flooding and soil saturation, and differential ability particularly among species to tolerate 
these conditions (Barton et al. 2000; McLeod et al. 2000; Pennington and Walters 2006; 
Simmons et al. 2011). Similar to the overall analysis, both tree shelters (used for RPM plantings) 
and percent clay (generally higher on RPM planting sites) had significant negative effects on 
seedling survival.  
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Seedling morphology.  The RPM seedlings were shorter, had smaller crown depth, and 
smaller root collar diameter than did BR seedlings.  RPM seedlings were also characterized by 
height to diameter ratios that were relatively high, although we did not detect a significant 
difference between the stock types for this parameter across all seven species.  Differences in 
height and diameter between stock types were consistent and most notable for river birch, 
Kentucky coffeetree and American sycamore.  However, differences were less pronounced and 
RPM stock actually performed better in terms of both height and root collar diameter for the two 
oak species.  Crown depth was closely associated with height for the BR seedlings, whereas it 
was limited for the RPM seedlings, possibly related to more prevalent use of tree shelters on 
RPM stock. 
As we surmise is the case for survival rates for the two stock types in the overall analysis, 
it is likely that the BR stock experienced less “transplant shock” due to their more natural shoot 
to root ratio and seedling form at the time of planting, and thus they grew more rapidly in 
diameter on average than did the RPM stock.  Differences in seedling diameter may also be 
attributable to use of shelters primarily on the RPM seedlings. Previous work has documented, 
for example, that stems of trees grown in tree shelters are elongated with little change in 
diameter over the length of the stem (Schultz and Thompson 1996; Sharew and Hairston-Strang 
2005).  Researchers have suggested that modified “greenhouse” conditions within tree shelters 
can lead to altered patterns of resource allocation, generally away from support of root growth, 
root collar diameter expansion, and development of branches, and toward height growth of the 
main stem (Ponder 1995; Schultz and Thompson 1996; Bardon et al. 1999).  
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Conclusion 
Concern over success of mitigation projects, particularly for forested wetland restoration, 
have led to regulatory updates that identify more stringent requirements including relatively high 
mitigation area ratios and densities of live trees on sites at the end of longer (often 10-year) 
monitoring periods.  Road development projects are among activities that cause unavoidable 
impacts to wetlands, and agencies responsible for such projects have expended considerable 
resources to meet these requirements.  However, efforts to establish forested wetlands have 
achieved variable and often quite limited success in terms of survival of tree seedlings on 
wetland sites.   
In this study, we determined that site characteristics, stock type and use of tree shelters 
influence seedling success on a range of mitigation/restoration projects.  Overall, our findings 
suggest that forested wetland planting projects have higher tree survival rates on sites where 
seedlings are planted near lower-order stream systems, in soils with lower clay content, and that 
are established without use of tree shelters.   We also determined that BR seedlings had better 
survival rates and seedling morphology than did RPM planting stock.  It is important to note that 
survival and growth of planted trees are also dependent on a number of additional factors, such 
as careful matching of species to sites and their placement within sites, planting method, seedling 
care up to and at the time of planting, immediate post-planting care, and ongoing site 
maintenance.  Given the additional costs associated with RPM stock and tree shelters (for both 
materials and installation), based on seedling performance in this study we recommend use of 
BR seedlings without tree shelters, with careful attention to species/seedling placement and post-
planting maintenance to enhance project success. 
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Table 1.  Responsible agency, and general site and soil characteristics (bulk density, soil textural 
class, surface soil clay content) for 14 riparian planting sites in central and southeastern Iowa.  
 
 
Agency/site 
Stream 
order Soil series 
Surface soil 
bulk density 
(g cc-1) 
Soil textural 
class 
Surface 
soil clay 
(%) 
Iowa Department of Transportation  
  137 Bridge  7 Colo (overwash) 1.42 Silty clay loam  35 
  Landes-Perk  1.38 Silty clay loam  25 
  Nodaway-Landes  1.54 Silty clay loam  33 
  137 Mitigation 7 Colo 1.86 Sandy clay loam  13 
  Colo-Ely 1.74 Sandy loam 20 
  Ainsworth 3 Ladoga (benches) 1.45 Silty clay loam  33 
  Zook 1.28 Silty clay loam  38 
  Lawson 1.25 Loam 30 
  Cox 3 Marsh (depressional) 1.47 Sandy loam  8 
  Jarvis 6 Klums-Perk-Nodaway 1.43 Silty clay loam  30 
  Painted Ridge 3 Coppock 1.16 Silty clay loam  30 
  Aquents (ponded) 1.10 Silty clay loam  35 
  Lawson 1.05 Silty clay loam  35 
  North River I 5 Kennebec 1.22 Silty clay loam  28 
  Nodaway (channe) 1.00 Clay 30 
  Zook 1.29 Silty clay loam  - 
      Colo 1.39 Sandy clay loam  38 
  Wabash 1.36 Silty clay 45 
  Wapsipinicon  3 Marsh (depressional) 1.68 Sandy loam  18 
  Hayfield (moderate) 1.48 Sandy loam  15 
  Hayfield (deep) 1.44 Loam 23 
  Woods Farm 5 Hanska 1.45 Sandy clay loam  15 
  Saude 1.72 Sandy loam  13 
  Lawson 1.45 Loam  40 
  Waukee 1.48 Clay loam  25 
Iowa Department of Natural Resources  
  Cooper 4 Spillville 1.16 Sandy clay loam  33 
  Evans 3 Zook 1.36 Silty clay loam  38 
  Nevin 1.35 Silty clay 38 
  Bremer 1.31 Silty clay  35 
  Colo 1.70 Sandy clay loam  33 
  Colo (channel) 1.44 Silty clay 30 
  Gannon 5 Coland 1.27 Clay loam  45 
  Spillville 1.30 Sandy clay loam 40 
  Hanlon 1.52 Sandy clay loam  40 
  Jones 3 Spillville 1.50 Sandy clay loam  28 
  Zenor-Storden 1.39 Sandy loam  20 
  Terril  1.60 Clay loam  33 
  Dickinson 1.59 Sandy loam  5 
  Sadler 3 Spillville-Coland 1.51 Sandy loam  10 
  Spillville 1.37 Sandy clay loam  13 
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Table 2. Agency, site name and location (county), year planted, size of planting area, growing 
stock type, number of trees, and percent survival of 2,533 trees on 14 sites in central and 
southeastern Iowa. 
Agency/Site 
Location 
(County) 
Year 
planted 
Size of 
area (ha) 
Stock 
type 
Number 
of trees 
in plots 
Survival 
(%) 
Iowa Department of Transportation      
137 Bridge Site Wapello 2011 0.4 RPM 44 50 
137 Mitigation Site Wapello 2005 1 RPM 38 42 
Ainsworth Washington 1995 5 BR 173 80 
Cox Bremer 2007 1 RPM 42 71 
Jarvis Henry 2003 3 RPM 112 100 
Painted Ridge Washington 1997 11 BR 160 96 
North River I Warren 2011 25 RPM 168 73 
Wapsipinicon River Bremer 2006 0.8 RPM 74 68 
Woods Farm Marshall 2009 2 RPM 61 79 
Total RPM     539 74 
Total BR     333 88 
Iowa Department of Natural Resources      
Cooper Story 2009 6 BR 150 95 
Evans Grundy 2010 18 BR 560 83 
Gannon Story 2010 3 BR 111 98 
Jones Wright 2010 17 BR 701 95 
Sadler Wright 2012 2 BR 139 100 
Total BR     1661 92 
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Table 3.  Linear mixed-effects logistical regression model for survival using Laplace 
approximations to degrees of freedom for 2,533 trees on fourteen sites in central and 
southeastern Iowa. 
Fixed effects Estimate 
Standard 
error df z value p value 
Intercept 7.107 1.971 2524 3.606 0.0003 
Stock type (RPM) -3.739 1.624 2524 -2.302 0.0214 
Shelter (true) -1.494 0.827 2524 -1.805 0.0710 
Percent sand -0.436 0.352 2524 -1.237 0.2159 
Percent clay -1.027 0.437 2524 -2.351 0.0187 
Age -0.063 0.175 2524 -0.361 0.7178 
Bulk density  0.269 0.219 2524 1.230 0.2187 
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Table 4.  Percent survival for a subset of 1,050 trees of the most common species represented on 
both Iowa Department of Transportation (IDOT) and Iowa Department of Natural Resources 
(IDNR) planting projects in central and southeastern Iowa. 
 
 
  
Species  
Number 
of IDOT 
sites with 
species 
present 
Number of 
seedlings 
(RPM) 
Percent 
survival 
on IDOT 
sites 
Number 
of IDNR 
sites with 
species 
present 
Number of 
seedlings 
(BR) 
Percent 
survival on 
IDNR sites 
Acer saccharinum 5 43 78 5 311 100 
Betula nigra 5 35 88 1 33 100 
Carya lacinosa 3 33 79 2 20 100 
Gymnocladus dioicus 1 11 100 1 43 100 
Platanus occidentalis 3 27 65 4 59 94 
Quercus bicolor 8 78 98 4 249 100 
Quercus palustris 3 7 100 2 101 100 
Total  234 85  816 99 
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Table 5.  Linear mixed-effects logistical regression models for survival, height, crown depth, diameter, 
and height to diameter ratio for 1,050 trees of the seven most common species represented on 14 sites in 
central and southeastern Iowa. Laplace approximations were used for degrees of freedom for survival 
estimates, Satterthwaite approximations to degrees of freedom were used for t tests for all other 
parameters. 
Variable Estimate 
Standard 
error df z value p value 
Survival      
       Intercept 5.254 1.500 1041 3.527 0.0004 
       Stock type (RPM) -1.933 1.951 1041 -0.990 0.3220 
       Shelter (true) -2.562 1.221 1041 -2.098 0.0359 
       Percent sand -0.466 0.435 1041 -1.070 0.2846 
       Percent clay -0.948 0.464 1041 -2.043 0.0410 
       Bulk density 0.065 0.187 1041 0.347 0.7289 
       Age 0.122 0.282 1041 0.433 0.6647 
Variable Estimate 
Standard 
error df t value p value 
Height      
       Intercept -0.122 0.284 15.8 -0.428 0.6741 
    Stock type (RPM) -0.656 0.219 12.8 -2.995 0.0105 
       Shelter (true) 0.168 0.093 1051.3 1.800 0.0721 
    Percent sand -0.199 0.054 427.7 -3.675 0.0003 
    Percent clay 0.220 0.117 974.7 1.876 0.0609 
    Bulk density -0.061 0.033 819.6 -1.820 0.0691 
       Age 0.122 0.021 11.7 5.927 < 0.0001 
Crown depth       
       Intercept -0.370 0.320 15.8 -1.158 0.2640 
    Stock type (RPM) -0.743 0.245 12.3 -3.037 0.0101 
       Shelter (true) 0.034 0.095 1112.9 0.353 0.7239 
    Percent Sand -0.196 0.056 539 -3.524 0.0005 
    Percent Clay 0.211 0.119 1058.6 1.768 0.0774 
    Bulk Density 0.086 0.034 923.2 -2.512 0.0122 
       Age 0.119 0.023 11.5 5.151 0.0003 
Diameter       
       Intercept 0.196 0.414 13.20 0.473 0.6439 
    Stock RPM -0.904 0.338 11.3 -2.677 0.0210 
       Shelter True 0.080 0.101 1206.9 0.789 0.4303 
    Percent Sand -0.311 0.060 866 -5.146 < 0.0001 
    Percent Clay 0.465 0.128 1191.3 3.646 0.0003 
    Bulk Density -0.051 0.037 1125.7 -1.387 0.1657 
       Age 0.147 0.032 10.9 4.550 0.0009 
Height: diameter ratio      
       Intercept 4.292e+00 2.188e-01 1.020e+01 19.6 < 0.0001 
    Stock RPM 2.429e-01 1.909e-01 1.110e+01 1.272 0.2293 
       Shelter True 9.425e-02 6.333-e02 1.180e+03 1.488 0.1370 
    Percent Sand 9.820e-02 3.755e-02 7.310e-02 2.615 0.0091 
    Percent Clay -2.261e-01 7.955e-02 1.152e+03 -2.842 0.0046 
    Bulk Density -6.174e-03 2.288e-02 1.060e+03 -0.270 0.7873 
       Age -2.441e-02 1.817e-02 1.050e+01 -1.343 0.2075 
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Figure 1.  Locations of nine Iowa Department of Transportation (RPM and BR planting stock) 
wetland mitigation sites and five Iowa Department of Natural Resources (BR planting stock) 
forested riparian restoration sites in central and southeastern Iowa, USA. 
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Figure 2A.  Tree height (m) by species for root production method (RPM, shaded boxes) and 
bare root (BR, white boxes) trees of seven species on 14 sites (1,050 trees) in central and 
southeastern Iowa. Boxes represent the middle 50%, lines within the boxes represent means, and 
whiskers are upper and lower limits of measured tree heights. 
Figure 2B.  Crown depth (m) by species for root production method (RPM, shaded boxes) and 
bare root (BR, white boxes) trees of seven species on 14 sites (1,050 trees) in central and 
southeastern Iowa.  Boxes represent the middle 50%, lines within boxes represent means, and 
whiskers are upper and lower limits of measured crown depth. 
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Figure 3.  Root-collar diameter (cm) by species for root production method (RPM, shaded boxes) 
and bare root (BR, white boxes) growing stock for seven species on 14 sites (1,050 trees) in 
central and southeastern Iowa.  Boxes represent the middle 50%, lines within boxes represent 
means, and whiskers are upper and lower limits of measured diameter.  
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Figure 4.  Height to diameter ratio (cm cm-1) by species for root production method (RPM, 
shaded boxes) and bare root (BR, white boxes) trees for seven species on 14 sites in central and 
southeastern Iowa.  Boxes represent the middle 50%, lines within boxes represent means, and 
whiskers are upper and lower limits of calculated ratios. 
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Appendix 1 
 
Table A1.  Species and number of Root Production Method™ (RPM) and bare root (BR) seedlings included in assessment of 14 
riparian area planting projects in central and southeastern Iowa. 
 
Scientific name Common name 
Number 
of RPM 
seedlings 
Number 
of sites 
Estimated 
survival 
(%) 
Number 
of BR 
seedlings 
Number 
of sites  
Estimated 
survival 
(%) 
Acer saccharinum Silver maple 152 6 84 321 6 100 
Betula nigra River birch 35 5 88 33 1 100 
Carya laciniosa Shellbark hickory 36 3 72 20 2 100 
Carya ovata Shagbark hickory 14 1 100 5 2 100 
Cornus obliqua Silky dogwood 8 2 50 18 2 100 
Fraxinus pennsylvanica Green ash 42 1 100 256 5 82 
Gymnocladus dioicus Kentucky coffeetree  11 1 100 43 3 100 
Gleditsia triacanthos Honey locust 5 1 100 27 3 100 
Juglans nigra Black walnut 36 3 70 247 4 93 
Juniperus virginiana Eastern red cedar - - - 38 1 95 
Morus alba White mulberry - - - 48 1 100 
Platanus occidentalis American sycamore  27 3 65 59 4 94 
Populus deltoides Eastern cottonwood 20 2 90 126 7 98 
Populus tremuloides Quaking aspen 10 1 100 - - - 
Prunus virginiana Chokecherry - - - 33 3 100 
Salix nigra Black willow - - - 37 1 100 
Taxodium distichum Bald cypress 5 1 100 - - - 
Quercus bicolor Swamp white oak 96 5 92 323 7 100 
Quercus macrocarpa Bur oak 25 3 96 198 3 100 
Quercus palustris Pin oak 7 3 88 131 3 100 
Quercus rubra Red oak 10 2 100 4 1 100 
Ulmus americana American elm - - - 27 1 100 
Total  539   1994   
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CHAPTER 3: GENERAL CONCLUSIONS 
Federal regulations require compensation for unavoidable impacts to wetlands.  Because 
road construction can cause such impacts, Iowa Department of Transportation (IDOT) personnel 
have sought to mitigate for them through in-kind restoration.  In some cases, however, 
establishment of woody vegetation on forested wetland restoration sites has proven difficult.  I 
conducted this observational study to identify factors that may be affecting the success of woody 
plants on forested wetland restoration projects in Iowa.  I examined plantings administered by 
two agencies, the Iowa Department of Transportation (IDOT) and the Iowa Department of 
Natural Resources (IDNR).  My objectives were to examine site characteristics, to compare 
overall survival of Root Production Method™ (RPM) and bare root (BR) planting stock, and to 
examine the characteristics of seedlings grown in tree shelters to those that were not.  
Additionally, I evaluated the relative performance of seven species that were common to both 
stock types with respect to seedling survival, height, crown depth, root collar diameter, and 
height to diameter ratios. 
Examination of site characteristics 
I examined several features of each planting site, including physiography and soil 
characteristics.  Many of the sites where RPM stock were planted (IDOT sites) were associated 
with higher order streams which are likely to have more frequent, intense, and longer duration 
flood events that could negatively affect tree establishment.  Sites where BR stock were planted 
(primarily IDNR sites) were more often associated with lower order streams and would be 
somewhat less affected by flooding.  Related to their physiographic position, soils at RPM 
planting sites generally had finer textures and were more poorly drained than those at BR 
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planting sites.  My analysis indicated that greater surface soil clay content had discernible 
negative effects on seedling survival.  
Effects of stock type and tree shelters on survival 
For the sites I examined, RPM seedlings had lower survival rates than did BR plants. 
This is contrary to many prior reports in the literature, although overall survival rates for both 
stock types in this study were generally higher than those that have been previously reported for 
other forested wetland restoration projects.  As noted, in some cases this may have been due to 
differences in site characteristics that co-varied with stock type.  A number of additional factors 
that I did not study could also have contributed to the difference in survival between the two 
stock types, including planting method, provenance of the stock, degree of “transplant shock,” or 
post-planting maintenance activities. 
 I also detected a marginally negative effect of tree shelters on survival for all trees, a 
relationship that was significant for the subset of seven species analyzed in more detail.  Other 
researchers have indicated mixed results for the effect of tree shelters on survival, with positive 
effects reported for seedlings on sites with very intense herbivory or when used with early versus 
late-successional species, and negative effects indicated for sites where flooding or maintenance 
activities damaged seedlings because of the shelters, or where shelters were used with later 
successional species in general. 
Seedling survival and morphological characteristics for seven common species 
I did not detect a significant difference for survival based on stock type for the subset of 
seven species I examined more closely, although trends were similar to the overall analysis 
indicating relatively high survival for BR stock.  In addition, the RPM seedlings were 
significantly shorter, and had smaller crown depths and root collar diameters than did BR stock.  
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I observed considerable variation among the different species for all of these parameters, with 
BR seedlings outperforming RPM stock most consistently for river birch, shellbark hickory, and 
American sycamore.  I also noted consistently higher height to diameter ratios for RPM stock of 
all species, a characteristic typically associated with trees grown in shelters, which was also often 
the case for the RPM seedlings on the sites I studied.  
Although my analysis indicates reasonable success of current approaches to forested 
wetland restoration in Iowa (especially relative to other reports in the literature), my results also 
point toward a number of additional strategies that could be used for more uniform success of 
forested wetland mitigation projects in the state.  For example, sites associated with lower order 
streams are likely to have less severe impacts from flooding, and may have soil/drainage 
characteristics that enhance seedling survival and growth during the establishment period.  
Further, continuing efforts to specify careful placement of tree species according to micro-
topographic characteristics of each site could also enhance seedling establishment in mixed-
species plantings.  Based on anecdotal evidence collected during my study, additional strategies 
related to site preparation, stock handling and planting methods, and post-planting site 
maintenance could also lead to greater success in forested wetland establishment. More long-
term monitoring is also recommended, given the potential lifespan of the species included in 
these projects, to provide a better understanding of what is necessary for long-term success in 
terms of structure and function of these restored ecosystems.  
 
